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This article assumes that (1) that solute ions from a charged droplet are formed by 
field-assisted esorption, (2) that the charges on such a droplet are equidistantly spaced in a 
uniform array on the droplet surface, and (3) that the distance between charges on an 
evaporated ion cannot be less than the distance between charges on the droplet surface when 
that ion desorbed. These assumptions, together with mass spectral data for poly(ethylene 
glycols) and available information on the structure of their electrospray ions, allow us to 
determine that intercharge distance and thus the magnitude of the droplet surface field when 
those ions desorbed. Values of this desorption field for methanol-water droplets are 2.66, 1.55, and 
1.46 V /nm for the smallest oligomer ions having respectively 2, 3 and 6 charges (Na+). (J Am Soc 
Mass Spectrom 1997, 8, 1147-1157) © 1997 American Society for Mass Spectrometry 
S 
olute ions from charged roplets are used globally 
as grist for the mills of mass analysis, but there is 
still no consensus on the mechanisms by which 
they are formed. Many investigators believe that the 
charged residue model (CRM) of Dole et al. [1], or some 
variation thereof, is closest o the truth. By that model, 
the evaporation of solvent from a charged droplet 
increases the surface field until the Rayleigh limit is 
reached, at which coulomb repulsion is of the same 
order as surface tension. The resulting instability dis- 
perses the droplet into a collection of smaller droplets in 
what is sometimes called a "coulomb explosion." These 
smaller droplets continue to evaporate until they too 
reach the Rayleigh limit and disintegrate. A series of 
such evaporation-disintegration sequences ultimately 
produces droplets so small that each one contains only 
a single solute molecule. That molecule retains some of 
its droplet's charge to become a free ion as tile last of the 
solvent vaporizes. 
Another widely accepted but different scenario is 
embodied in the ion desorption model (IDM) proposed 
by Iribarne and Thomson [2]. Those authors used the 
term "evaporation" to characterize the departure of an 
ion from the droplet, but to avoid possible confusion we 
use the term "desorption" for the departure of ions 
from a droplet and let "evaporation" refer', in its cus- 
tomary connotation, to the departure of neutral solvent 
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molecules. The IDM assumes that before a droplet 
reaches the ultimate stage of the CRM, its surface 
electric field becomes trong enough to lift a surface 
solute ion over the energy barrier that blocks its escape. 
For a long time the only perspectives on how strong 
such a field must be have come from somewhat specu- 
lative inferences based on the ion's solvation energy. 
That energy is indeed related to, but cannot be directly 
identified with, the work required to remove an ion 
from the droplet, in part because a departing ion is 
probably not bare but is accompanied by some un- 
known number of molecules of solvation. Recently, two 
independent estimates of droplet surface field during 
ion desorption have emerged from measurements of
charged-droplet mobility. Katta et al. [3] used thermo- 
spray (TS) droplets and obtained values for the surface 
field that ranged from 0.7 to 0.9 V /nm for a variety of 
singly charged ions, both positive and negative. Unfor- 
tunately, they could not be sure that the droplets were 
in the ion-desorbing mode as the mobility measurement 
was being made. More recently, Loscertales and Fer- 
nandez de la Mora [4] have determined the surface field 
on the residues of electrospray (ES) droplets from 
which all solvent had evaporated. They argue that once 
ion desorption begins, the rate of that desorption ad- 
justs itself to maintain the surface field at a constant 
value. Thus, when the last of the solwmt leaves the 
droplet, the ion desorption abruptly stops and the field 
at the surface of the residual particle to which their 
mobility measurements apply remains at the same 
value as it had while the ions were desorbing. By this 
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rationale, those authors arrived at field values for singly 
charged quaternary alkylammonium ions that decrease 
with increasing chain length from 1.4 V /nm for tetra- 
propyl ammonium ions to 0.9 V /nm for their tetrahep- 
tyl counterparts. This decreasing trend is consistent 
with the idea that solvophobicity increases with increas- 
ing length of the hydrocarbon chain, thus decreasing 
the work needed to remove an ion from the liquid. For 
Li + in ethylene glycol, a somewhat higher value of 1.9 
V /nm was obtained, in keeping with the idea that Li + 
would be expected to have a higher affinity for a solvent 
as polar as ethylene glycol than would tetra alkylam- 
monium cations have for methanol-water. 
Implicit in these two studies is the assumption that 
the IDM mechanism is indeed responsible for ion 
formation. Starting with that same assumption, we have 
taken an entirely different approach to evaluating the 
surface field of an ion-emitting droplet. In keeping with 
a previously exploited idea, we further assume that a 
droplet's charge comprises excess cations or anions that 
are locked into an array characterized by equidistant 
spacing at or near the droplet surface [5]. Many inves- 
tigators reject this idea, but it seems an inevitable 
consequence of Coulomb's law for the repulsive force 
between like charges and the inability of a liquid to 
sustain shear. That property of a liquid means that the 
excess cations or anions (i.e., those responsible for the 
droplet's net charge) will have a mobility that allows 
them to assume positions for which the net force on 
each charge is zero. In other words, there is a balance 
between the coulomb forces and the solvophilic forces 
that bind the charge to the droplet. It is intuitively clear, 
and easy to show, that this equilibrium of forces is 
associated with a minimum in the electrostatic potential 
energy of the system of charges. That minimum occurs 
when the charges are as nearly equidistant from each 
other as the spherical geometry of the droplet allows. It 
further follows that the number of charges on an ion 
leaving the droplet is determined by the number of 
surface charges that the ion's parent molecule can span, 
or more precisely, the number its charge sites can reach. 
That number for a linear molecule depends on its 
effective length and the distance between its prospec- 
tive charge sites. In other words, the distance between 
charges on a desorbed ion cannot be less than the charge 
spacing on the droplet surface at the time the ion 
desorbs. Therefore, if one knows the geometry of a 
parent molecule and the number of charges on its ES 
ions, one should be able to deduce the distance between 
charges on the droplet surface and thus the surface field 
at the time those ions desorbed. In this study we 
determined the intercharge distance by assuming that 
on the smallest multiply charged oligomer ion that can 
be detected, two of the multiplicity of charges on that 
ion occupy the prospective sites that are farthest apart. 
Any additional charges are spaced between these "ter- 
minal" charges at intervals that are as nearly equidis- 
tant as the location of prospective sites permits. 
This report summarizes the results obtained by ap- 
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Figure 1. Schematic representation f three successive states in 
the evaporation of a charged roplet. The bar "ikons" represent 
PEG oligomers of three different sizes on the surface. The + signs 
represent excess cations on the droplet surface. 
plying this approach to the interpretation of mass 
spectral data previously obtained in our laboratory for 
poly(ethylene glycols) or PEGs [6]. These compounds 
are particularly attractive for use as "molecular rulers" 
because their geometric structure (linear polymers) is 
fairly well understood and the probable sites for adduct 
cations have been identified as the oxygen atoms. In 
addition, for the Na + adduct ions of this study, the 
bonding energy to those sites is reasonably well estab- 
lished at 2.04 eV [6, 7]. Desorption of ions comprising a
parent molecule with its attached charges is an acti- 
vated process whose rate constant depends exponen- 
tially on the difference between the lift force on the ions 
and the solvation forces holding the ion to the droplet. 
The lift force is proportional to both the intensity of the 
surface field and the number of charges that are at- 
tached to the molecule. The solvation force depends on 
the composition of both the ion and droplet liquid and 
is proportional to the ion's "wetted area" and thus, in 
the case of linear molecules, its length. 
The scenario described above is represented sche- 
matically in Figure 1, which shows three successive 
stages in the evaporation of a positively charged rop- 
let. The short, intermediate, and long "bars" represent 
small, medium, and large oligomers of poly(ethylene 
glycol), which are known to have a linear zigzag 
structure. For the sake of simplicity we have not at- 
tempted to show the charge sites (O atoms) but simply 
assume that any charge in the "shadow" of a "bar 
molecule" is attached to it. As the droplet shrinks by 
solvent evaporation the charges get closer together and 
the droplet surface field increases. Thus, at the first 
stage of Figure 1, when the droplet is at its largest size, 
the two smallest oligomers have only one charge at- 
tached while the long oligomer has four. One would 
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expect, therefore, that to a first approximation the 
desorption rate constants for these three ions would be 
in the order of their lift force per unit length, and thus 
their sizes. Let us assume that the field is sufficiently 
strong at the indicated charge spacing, and the solution 
concentrations of all three oligomers are sufficiently 
high, to provide measurable abundances of all three of 
these oligomer ions. The two smallest ions would both 
be singly charged and could not supply any informa- 
tion about he charge spacing, but the largest ion could. 
For the indicated charge spacing, the largest oligomer 
could not attach more than four charges, nor could a 
smaller oligomer attach that many. Therefore, a mass 
spectrometric analysis of the desorbed ions would show 
no ions with four charges having masses maller than 
that of the long bar oligomer in Figure 1. Thus one 
could conclude that the charge spacing on the droplet 
when that quadruply charged ion desorbed, was equal 
to or less than, but not greater than, one third of the 
distance between the two sites (oxygen atoms) closest o 
the ends of the molecule. Moreover, on the scale of the 
droplet charge spacing and molecular size shown in 
Figure 1, any oligomer appreciably larger would attach 
more than four charges. Thus, the dimensions of the 
smallest oligomer with four charges in a mass spectrum 
of PEG ions indicates the maximum distance between 
the charges on the droplet when that ion desorbed. That 
distance is one third of the distance between the two 
charge sites nearest the ends of the oligomer. We 
assume, of course, that there are charge sites (O atoms) 
on the oligomer at these indicated intervals. When the 
droplet has decreased to the size of the intermediate 
evaporation stage in Figure 1, the two smallest ions still 
have only one charge attached, but the largest ion has 
five charges. If that oligomer is the smallest one with 
five charges, we can conclude that the charge spacing 
on the droplet when it desorbed was one fourth of the 
distance between the outermost charge sites on the 
oligomer. Again we assume that the charge site density 
along the oligomer backbone is high enough to provide 
a site at a half and a quarter of the distance between 
those outermost sites. At the latest stage of evaporation 
shown in Figure 1 the charges have become close 
enough together for the oligomer of intermediate l ngth 
to span two of them. If the resulting oligomer is the 
smallest one, with two charges we can conclude that the 
charge spacing when it desorbed was equal to or less 
than the distance between the outermost sites on the 
oligomer. 
The Smallest PEG Ions with Two, Three, 
and Six Charges 
We remind the reader that the PEG samples used in this 
study comprised mixtures of oligomers having a 
roughly Gaussian distribution of molecular weight (Mr) 
centered on the Mr of the most abundant oligomer. That 
latter value is the nominal Mr of the sample, used by the 
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Figure 2. Electrospray mass pectrum for a poly(ethylene glycol) 
sample whose most abundant oligomer has a molecular weight of 
400. The dominant unlabeled peaks are for ions of oligomers 
comprising various numbers of ethylene oxide monomers with a 
Na + as the single adduct charge. The peaks labeled with a 
superscript circle are similar ions for which the adduct charge is a 
single K +. The peaks labeled with superscript x's are from 
oligomers with two Na + as adduct charges. Abscissa values of the 
peak maxima show the mass-to-charge ratio values of the ions 
forming the peaks. 
manufacturer for identification. Thus, in the sample of 
PEG 400 (Baker, Phillipsburg, NJ) the molecular weight 
of the most abundant oligomer is 400. The samples of 
PEGs 600, 1000, 1450, and 3350, similarly characterized, 
were provided at no charge by Union Carbide (San 
Diego, CA). Also to be remembered is that each peak in 
the spectra to be shown is due to ions comprising a
particular PEG oligomer with one or more Na + ions as 
adduct charges. In later discussions it will be conve- 
nient to characterize a particular oligomer in terms of 
the number n of ethylene oxide monomers in its back- 
bone. Thus, 
n = [ (m/z )z  - 23z - 18]/44 (1) 
in which n is the number of monomers per oligomer, 
m/z  is the mass-to-charge ratio value for the ions of a 
particular peak in the mass spectrum, z is Lhe number of 
unit charges on those ions, 23 is the mass of a sodium 
adduct ion, 44 is the mass of an ethylene, oxide mono- 
mer m, and 18 is the mass of the water molecule 
required to transform an oligomer of poly (ethylene 
oxide) into the corresponding lycol. (Masses are in 
daltons and are numerically equal to Mr, the dimen- 
sionless molecular weight in each case.) 
Most of the data to be discussed have been previ- 
ously reported along with a detailed description of the 
apparatus and procedures used to obtain them [6]. All 
were obtained by electrospraying solutions of PEG 
samples in a 1:1 mixture (by volume) of methanol- 
water at flow rates from 7 to 9/aL/min. Figure 2 is the 
same as Figure 3 in ref 6 and shows a mass spectrum 
obtained for PEG 400 at a concentration f 0.05 g/L. The 
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large peaks are for ions comprising an oligomer with a 
single adduct charge of Na ÷. Thus they are separated 
by 44 units on the mass-to-charge ratio scale corre- 
sponding to the mass of one monomer of ethylene 
oxide. PEG samples almost always contain some so- 
dium, probably due to the catalyst used in the polymer- 
ization. The small peaks tagged with circles correspond 
to oligomer ions whose adduct charge is a potassium 
ion (K+). That they are indeed due to potassium was 
confirmed by a substantial increase in their height when 
KCI was added to the sample solution. Similarly, the 
addition of NaC1 or NaOH will generally enhance the 
height of the sodiated peaks and change somewhat the 
distribution of peak heights. However, the smallest 
value of the mass-to-charge ratio in the detected ions, 
the important spectral feature for this study, is not 
affected. The peak labeled TBA is due to the singly 
charged cations from the small amount of tetrabutyl 
ammonium bromide that was added to the solution to 
provide a mass marker for calibrating the mass-to- 
charge ratio scale. The data system on the apparatus 
was fairly primitive and did not indicate numerical 
values of mass-to-charge ratio directly for each peak, 
but simply traced out the spectra on a chart recorder. 
Thus, the numerical values reported here were obtained 
by linear interpolation (with dividers and a ruler) 
between known points on the mass scale of the chart. 
The calibration of one or two scale values was accom- 
plished by the position of peaks for species of known 
mass, for example, the TBA + ions in Figure 2 as 
mentioned above. We estimate an uncertainty of about 
0.6 units at low values of mass-to-charge ratio increas- 
ing to about three units at the high end of the scale. 
The peaks tagged with crosses in Figure 2 are due to 
oligomers whose ions are separated by 22 units on the 
mass-to-charge ratio scale. Therefore, they must be 
doubly charged (i.e., have two Na + adducts). The 
lowest value of mass-to-charge ratio at which the exis- 
tence of such a cross-tagged peak can be clearly de- 
tected is 252. We take this value as a meaningful 
estimate of the minimum value of mass-to-charge ratio 
for doubly charged oligomers from this sample of PEG 
under the conditions of this experiment. 
In other words, 252 is the mass-to-charge ratio value 
for a doubly charged ion comprising the smallest oli- 
gomer that could present charge sites (O atoms) to two 
adjacent charges on the droplet surface. By eq 1 this 
value of mass-to-charge ratio corresponds to a 10-mer 
of ethylene oxide to which have been added one mole- 
cule of water of hydration and two Na + cations. It 
might be argued that there is a peak at a mass-to-charge 
ratio value of 230 corresponding to a doubly charged 
9-mer, but it is so small that we hesitate to give it 
credence. If it is real then our estimate of the droplet 
field at the time of desorption would be slightly low. It 
is, of course, always difficult to prove the complete 
absence of any possible component in a sample or 
system. A more sensitive analyzer and greater success 
in reducing noise might have revealed the presence of 
still smaller oligomer ions, especially if the original 
sample had a higher concentration of smaller oli- 
gomers. However, the singly charged peaks in Figure 2 
show that there were more 9-mers than 10-mers in the 
original sample, so we think it highly unlikely there was 
a significant presence of doubly charged oligomers 
comprising fewer than ten monomers. We note in 
passing that in a mass spectrum of PEG 600 (not shown) 
we also found 252 as the lowest value of the mass-to- 
charge ratio at which there was a truly discernible peak 
in the band of peaks for doubly charged ions. As in the 
spectrum of Figure 2, there could have been a tiny peak 
at m/z  = 230 but it was buried in the noise and could 
not be counted as real. In view of these uncertainties, 
our identification of a 10-mer as the smallest oligomer 
that can carry two charges, and be desorbed in the time 
available, may be too high by one monomer or so. It 
follows that we may be a bit on the high side in our 
estimates of the maximum distance between charges on 
a droplet from which the smallest doubly charged PEG 
ion could desorb. To be kept in mind is that the above 
argument does not say that larger oligomers cannot 
evaporate with two charges on them. It says only that at 
the time that the smallest oligomer desorbs with two 
charges, the distance between two charges on doubly 
charged ions of larger oligomers that are desorbing at 
the same time, or have desorbed previously, cannot be 
less than the distance between two charges on the 
smallest doubly charged oligomer ion. Nor does the 
argument imply that oligomers containing ten or more 
monomers cannot evaporate with less than two charges, 
i.e., as singly charged ions. The message is simply that 
a 10-mer is the smallest oligomer of PEG that has been 
observed to desorb as a doubly charged ion from 
charged droplets of methanol-water. It follows, as a 
consequence of our previously discussed assumptions, 
that the distance between charges on these 10-mer ions 
cannot be less than the distance between charges on the 
droplet. Indeed, we argue that it is equal to the inter- 
charge distance on the droplet surface when those ions 
left the droplet. Therefore, determining the distance 
between the charges on these doubly charged 10-mers is 
tantamount o determining the distance between 
charges on the droplet at the time they desorbed, and 
thus the droplet surface field. Before discussing the 
determination of intercharge distance on these de- 
sorbed ions, we will identify the smallest oligomers that 
can carry three and six charges. 
Figure 3 presents an electrospray mass spectrum 
(ESMS) for PEG 1450 that will serve as a basis for 
considering the case of triply charged ions. It shows 
three bands of peaks representing respectively (right to 
left) singly, doubly, and triply charged oligomers. The 
smallest discernible peak in the band for triply charged 
ions has an apparent mass-to-charge ratio value of 367, 
very close to the value of 366.3 to be expected for a 
23-mer with three Na + attached. The average of six 
different values for this minimum from six different 
spectra obtained by two different operators was 369.3, 
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Figure 3. Electrospray mass pectrum for a poly(ethylene glycol) 
sample whose most abundant oligomer has a molecular weight of 
1450. The three bands of peaks labeled I, II, and III are for 
oligomers with respectively 1,2, and 3 Na + as adduct charges. The 
abscissa value for each peak maximum shows the mass-to-charge 
ratio value of the ions forming the peak. 
with an average deviation of 4.4 units on the mass-to- 
charge ratio scale and a maximum deviation of 15.3 
units. We conclude with some confidence that under 
the conditions of these experiments a 23-mer is the 
smallest oligomer that could produce a triply charged 
ion from a droplet of methanol-water. 
Worthy of note in Figure 3 are the small but distinct 
peaks for singly charged ions, indicating that one 
charge can provide enough lift to desorb oligomers 
containing as many as 32 monomers. However, the 
small size of the peaks (in the band at the highest 
mass-to-charge ratio values) also indicates that the rate 
of desorption for singly charged ions was very small. To 
be remembered is that ion desorption is a rate process 
that can be characterized by the product of two terms, 
the concentration (at the surface) of the desorbing 
species and a rate constant whose value for a particular 
ion species depends exponentially on the "lift force" 
that helps the ion overcome the solvation forces binding 
it to the droplet [5]. That lift force is itself the product of 
the number of charges attached to the ion and the 
strength of the electric field, at the droplet surface and 
normal to it. Thus, one reason for the low rate of 
desorption for singly charged ions of larger oligomers is 
that they are more strongly bound to the droplet than 
the smaller oligomers. (Note, for example, that the 
peaks due to singly charged ions of PEG 400 in the 
spectrum of Figure 2 are much larger than those for 
singly charged ions of PEG 1450 in the spectrum of 
Figure 3.) A second reason for the low abundance of the 
latter relative to the abundance of doubly charged ions 
is that there is only one charge to provide lift. A third 
reason is that the surface field is small because the 
distance between the charges on the droplet surface is 
large, i.e., greater than the length of the oligomers 
bearing only one charge or, more properly, greater than 
the greatest distance between possible charge sites on 
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Figure 4. Electrospray mass spectra for a poly(ethylene glycol) 
sample whose most abundant oligomer has a molecular weight of 
1450. Each spectrum comprises three bands of peaks labeled I, II, 
and III for ions with respectively 1, 2, and 3 Na + as adduct 
charges. The differences in the three spectra are due to the 
indicated ifferences in the concentration f analyte. The abscissa 
values for each peak maximum shows the mass-to-charge ratio 
value of the ions forming the peak. 
those oligomers. When further evaporation of solvent 
brings the surface charges closer together, those larger 
oligomers become the doubly charged ions responsible 
for the peaks in the middle band of the spectrum in 
Figure 3. Those peaks are larger than the peaks for 
singly charged ions because doubly charged ions de- 
sorb much faster than the singly charged ions for the 
reasons given above. Another inference, obvious but 
noteworthy, is that in the ion desorption scenario we 
have assumed, the more charges there are on the ions of 
a particular species, the later in the droplet evaporation 
process did those ions desorb. 
It is appropriate to consider whether the size of the 
smallest observable oligomer with a particular number 
of charges might depend on the concentration of PEG in 
the electrosprayed solution. Figure 4 shows three spec- 
tra obtained with solutions of PEG 1450 that span a 
hundredfold range in concentration, from 0.005 to 0.5 
mg/mL.  In terms of the nominal Mr of 1450, these 
concentrations correspond to micromolalities from 3.45 
to 345. Although the distribution of peak heights varies 
widely, the minimum mass-to-charge ratio values for 
triply charged ions all seem to be at about the same 
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value of 365 that was more easily identified in Figure 3, 
an enlarged version of Figure 4b. (The absolute values 
of peak heights in the three spectra re not significant. 
The signal gain was adjusted in each case so that the 
maximum peak height was roughly 40%-50% of the full 
ordinate scale.) It is revealing to consider the concen- 
tration dependence of the distributions in peak height. 
The singly charged ions are most abundant when the 
analyte concentration is high and are hardly detectable 
at the lowest concentration. The reason is that, as noted 
above, the ion desorption rate depends not only on the 
available "lift," as reflected in the effective rate constant 
for the desorption process, but also on the concentration 
of parent species. That concentration was high enough 
for the spectrum in Figure 4c to produce appreciable 
abundances of singly charged ions, even though the 
rate constant for desorption of those ions was small. 
This production of singly charged ions in significant 
quantities, followed by production of doubly charged 
ions in even greater quantities, resulted in a depletion of 
the droplet's upply of both analyte and charge. Thus, 
the intercharge distance on the droplet surface did not 
become small enough to produce triply charged ions 
until very late in the droplet evaporation process, when 
the amounts of available charge and analyte were so 
small that only a few triply charged ions could be 
formed. 
At the very low initial concentration of PEG in the 
solution for which the spectrum of Figure 4a was 
obtained, the desorption rate for singly charged ions 
was negligible and for doubly charged ions was rela- 
tively small, so that in fractional terms the droplet's 
inventories of both analyte and charge were not greatly 
depleted in the early stages of the evaporation process. 
Consequently, atthe later stages of droplet evaporation 
there remained enough of both analyte and charge to 
produce triply charged ions in substantial abundance. 
One should remember that essentially the only way a 
droplet can lose charge in between coulomb explosions 
is by desorption of ions. In the solutions of these 
experiments, the PEG oligomers are the most polariz- 
able species, and thus have a greater affinity for the 
excess charges on the droplet surface than do other 
solute species in the droplet, which are present only at 
very low concentrations in the initial solution. Conse- 
quently, the PEG ions account for most of the charge. 
However, careful inspection of Figure 4a shows some 
small peaks at mass-to-charge ratio values below 200, 
indicating that there was not enough PEG present o 
use all of the charge, so that other solute species were 
able to form ions even though their concentrations were 
very low. At the higher concentration of PEG for the 
spectrum of Figure 4b, these impurity peaks were much 
smaller and at the highest concentration of Figure 4c 
they can hardly be seen. We note in passing that the 
results shown in Figure 4 would be hard to account for 
in terms of the charged residue model of Dole, whereas 
the ion desorption model of Iribarne and Thomson [2] 
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Figure 5. Electrospray mass pectra for a poly(ethylene glycol) 
sample whose most abundant oligomer has a molecular weight of 
3350. The Roman umerals II, III, IV, V, and VI identify the bands 
of peaks for ions with respectively 2, 3, 4, 5, and 6 Na + as adduct 
charges. The abscissa values for each peak maximum shows the 
mass-to-charge atio value of the ions forming the peak. 
offers a fairly straightforward, although somewhat in- 
tricate, explanation. 
The spectrum in Figure 5 was obtained with PEG 
3350 and shows five bands of peaks corresponding to
oligomer ions with two, three, four, five, and six 
charges, respectively, right to left. We cannot say there 
were no singly charged ions because, if present, they 
would have appeared at mass-to-charge ratio values 
beyond the upper limit of our analyzer, which was 
1500. Clearly the spectrum is too congested to distin- 
guish minimum mass-to-charge ratio values for any but 
the ions with six charges. Even then there was some 
possible interference due to ions with seven charges 
that might have been present, though we could not 
resolve any peaks corresponding tosuch ions. Thus, we 
take as the minimum mass-to-charge ratio value for 
ions with six charges the lowest value at which there 
was any clearly discernible peak in the spectrum. From 
three different spectra we obtained minimum values of 
437, 437, and 450, all very close to the value of 436.7 to 
be expected for a 56-mer with six Na ÷ attached. An 
uncertainty of one monomer in an oligomer of this size 
corresponds to an uncertainty of only 2% in the inter- 
charge distance, and thus a relatively small uncertainty 
in the value of the droplet field at the time of desorp- 
tion. 
The concentration of analyte for the spectrum in 
Figure 5 is significantly higher than for the spectra in 
Figures 2 and 3, but the results in Figure 4 indicate that 
the size of the smallest observable oligomer with three 
charges does not depend upon the analyte concentra- 
tion. Consequently, we would expect hat the mass-to- 
charge ratio value for the smallest observable oligomer 
ion with six charges should also be independent of 
initial solute concentration. We have recently (during 
the preparation of this article) confirmed this expecta- 
tion by obtaining spectra for PEG 3350 at concentrations 
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down to 0.01 mg/mL,  25 times more dilute than the 
concentrations used for Figure 5. The mass-to-charge 
ratio value for the smallest observable peak for ions 
with six charges clearly confirmed our previous conclu- 
sion that those ions were due to oligomers comprising 
56 monomers. These recent results were obtained some 
9 years after those in Figure 5, on a different mass 
spectrometer (Delsi Nermag 3010), by a different oper- 
ator and in a different laboratory. Their confirmation of 
our earlier findings reinforces our confidence in those 
earlier findings and thus in the conclusions we herein- 
after present. 
The Determination of Droplet Charge 
Spacing and Field 
We assume that the charges are distributed in a face 
centered hexagonal array on the droplet surface. In fact, 
an array with an area that matches that of a spherical 
surface must contain some pentagons as well as hexa- 
gons. We have not attempted to correct he small error 
in intercharge spacing that results from our simplifying 
assumption of a hexagonal array, which leads to the 
relation 
Z s = 2rrd2/31/2X 2 = 3 .627(d /X)  2 (2) 
where Zs is the total number of elementary charges on 
the surface of a spherical droplet, d is the diameter of 
the droplet, and X is the distance between the charges. 
The field E at the surface of such a droplet is given by 
E = e*Zs/rr8o d2 (3) 
where e* is the value of a single elementary charge and 
g0 is the permittivity of the droplet's ambient medium. 
Combining eqs 2 and 3 results in 
E = 2e* /31 /28oX2 = C/X  2 (4) 
where constant C equals 20.89 V/nm. 
The critical assumption i  our approach to determin- 
ing the droplet field is that the distance between 
charges on a desorbed ion cannot be less than the 
distance between charges on the droplet surface at the 
time that ion desorbs. The mass spectra of ions formed 
from ohgomers of PEG invariably show that for any 
particular number of charges there is always a range of 
sizes for oligomer ions with that number of charges. In 
the spectra that have been considered we know that the 
charges are Na + and that O atoms are the sites to which 
they attach, but there is as yet no way to identify the 
particular O atoms that are the actual charge sites on 
any particular oligomer ion. However, the distance X 
between any pair of adjacent charges on the droplet 
surface is the same for all pairs of adjacent charges. 
Therefore, the distance between any pair of adjacent 
charges on an ion is also uniform and is equal to X at 
the time that ion desorbed. For linear polymers like 
PEG, it follows from simple geometric onsiderations 
that on the smallest oligomer capable of retaining N 
charges, the distance between the two Charges on the 
ion that are farthest apart must be equal to (N - 1)X. 
Consequently, if the smallest oligomer ion with N 
charges that provides a discernible peak in our mass 
spectra is indeed the smallest oligomer capable of 
retaining N charges, then from the geometry of that 
oligomer we should be able to determine X and thus the 
magnitude of the droplet surface field when that small- 
est oligomer ion desorbed. Note that we can have 
confidence in the value of X determined in this way 
only to the extent that we are sure that we have 
identified and characterized the smallest oligomer that 
is able to retain N charges. If the smallest ion for which 
we find a discernible peak is not the smallest ion that 
can hold N charges, then the distance between the two 
charges on the oligomer ion we actually detect might be 
less than the distance between the two most widely 
separated locations on that oligomer that are possible 
charge sites. 
It is generally believed that PEG oligomers in aque- 
ous solution are in one of two forms, a stretched-out 
"zigzag" configuration or a sort of helical "meander- 
ing" configuration [8]. The distances bet:ween oxygen 
atoms in the meandering and zigzag configurations are 
2.0 and 3.5/~, respectively. Clearly, a determination of
X from oligomer geometry will depend strongly on 
which conformation it has assumed at the time of 
desorption from the droplet as an ion. It will also 
depend on whether Na + can attach to the O atoms in 
the terminal OH groups or whether the internal O 
atoms are the only effective charge sites. We will 
consider these questions later in some detail. Mean- 
while, in order to provide as complete a perspective as 
possible of the implications of these uncertainties, Table 
1 shows conclusions based on all combinations of these 
alternatives. Thus, the first column under the heading 
Droplet Properties includes values of the field that as- 
sume both zigzag and meandering oligomer configura- 
tions, with and without participation of the OH 
endgroups as possible charge sites. Also shown in the 
last two columns under Droplet Properties are values for 
the radius and circumference of the largest possible 
droplets that can sustain the indicated fields without 
exceeding the surface charge density above which the 
coulomb forces would render the droplet unstable 
according to the Rayleigh criterion: 
dRL ~< 8~//~0 E2 (5) 
where 3* is the surface tension of the droplet liquid 
(50:50 methanol-water). The other symbols retain the 
meanings already assigned. 
It is interesting to compare our results for field 
strength during desorption with the wflues obtained 
from mobility measurements reported in refs 3 and 4 
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Table 1. Conditiozls for desorption of PEG ions 
Ion properties 
Length 
Charges Monomers Configurations (/~) 
Droplet properties 
Maximum dimension (~) 
Field 
Charge site (V/nm) Radius Circumf. 
2 10 Zigzag 35 
Zigzag 35 
Meander 20 
Meander 20 
3 23 Zigzag 81 
Zigzag 81 
Meander 46 
Meander 46 
6 56 Zigzag 196 
Zigzag 196 
Meander 112 
Meander 112 
OH 1.705 55 345 
O 2.664 22.5 141 
OH 5.222 5.8 36.7 
O 8.160 2.4 15.0 
OH 1.239 96 603 
O 1.547 67 419 
OH 3.949 10.2 64 
O 4.737 7.1 45 
OH 1.359 86 542 
O 1.462 75 469 
OH 4.163 9.2 58 
O 4.477 7.9 50 
and summarized in Table 2, along with those of our 
study that assume a zigzag configuration for the oli- 
gomer ion and the nonparticipation of the OH groups 
as charge sites. Later we will discuss why we are 
inclined to have confidence in those particular assump- 
tions. The data of Katta et al. [3] would seem less 
suitable for meaningful comparison because their drop- 
lets were produced by TS dispersion of solutions, and 
therefore had much lower initial charge densities than 
the ES droplets used in both this study and the one by 
Loscertales and Fernandez de la Mora [4]. Moreover, 
Katta et al. showed no convincing evidence that the 
mobilities they measured were for droplets in an ion- 
desorbing mode. Furthermore, it has been suggested 
that at least some of the ions produced in TS are due to 
chemi-ionization reactions that take place in the super- 
heated vapor formed when the sample solution is 
passed through the heated tube. 
Loscertales and Fernandez de la Mora used ES 
droplets and did provide some justification for relating 
their measured mobilities to ion-emitting droplets. 
Even so, it is also risky to attach much significance to 
any conclusions drawn from a comparison of their 
values for the droplet field with ours. The method we 
use for measuring that field requires ions that have at 
least two charges and a linear structure that is well 
known. Neither of those restrictions applied in the 
experiments of Loscertales and Fernandez de la Mora. 
Moreover, their method requires that the droplet liquid 
have a low volatility and contain enough nonvolatile 
material to provide a charged residue after all the 
volatile material has evaporated. In addition, that resi- 
due particle must be large enough to have a mobility 
sufficiently small to be clearly distinguishable from 
molecular ions that might be present. An unfortunate 
result of these differences in the requirements for the 
Table 2. Measured fields at droplet surface during ion desorption 
Investigator Liquid Ion Field (V/nm) 
Katta et al. [3] (mobility) NH4Ac in H20 NH4 ~ 0.83-0.859 
NH4Ac in H2 O Ac- 0.83-0.90 
Azo Dyes, NaAc 
NH4CI, NH4Ac M ÷ 0.52-0.810 
Azo Dyes, NaAc 
NH4CI, NH4Ac M-  0.76-0.834 
Me PEG (1900) in 
0.05 M NH4Ac M ÷ 0.902 
Me PEG (1900) in 
0.05 M NH4Ac M-  0.834 
Loscertales and de la Mora [4] (mobility) LiCI in HCONH2 Li ÷ 1.76 
LiCI in C=H,(OH)2 Li ÷ 1.62 
L i l in  C2H4(OH) 2 L ÷ 1.48 
(Pr)4N ~ in HCONH 2 (Pr)4N ÷ 1.38 
(HeP)4 N+ in HCONH 2 (Hep)4N ÷ 1.00 
This study (molecular "ruler") PEG in MeOH - H20 
M r = 400-600 PEG(Na+)2 2.66 
1000-1450 PEG(Na+)3 1.55 
3350 PEG(Na +)s 1.46 
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two methods is that there is as yet no combination of 
solvent and solute for which both methods have been 
applied. Nevertheless, it is gratifying that the field 
values obtained in both studies are remarkably concor- 
dant, all of them falling within the range between 1.00 
and 2.7 V/nm, a variation that can very reasonably be 
attributed to differences in the work required to remove 
such different species from droplets of such different 
liquids. Even most of the results of Katta et al., for quite 
different ions formed by the TS technique, show fields 
that are generally within 30% or 40% of the mean values 
obtained with ES droplets by our method and by the 
mobility method of Loscertales and Fernandez de la 
Mora. However, as noted above, there are several 
reasons for suspecting that any agreement between 
desorption fields for TS droplets and those for ES 
droplets might well be fortuitous. 
It is appropriate now to consider in more detail the 
reasons for our higher confidence in values of droplet 
field that assume a zigzag configuration of PEG oli- 
gomers and exclude the OH groups as possible attach- 
ment sites for Na +. Previous studies of PEG conforma- 
tion suggest that in neat PEGs the meandering 
configuration is favored for oligomers comprising more 
than about 20 or so monomers, while the zigzag con- 
figuration is more likely for smaller oligomers [8]. In 
solution, however, there should be free rotation around 
the C--O and C-C bonds. Moreover, even very large 
oligomers of PEG are very soluble in water and meth- 
anol-water. It follows that all parts of the molecule 
must be fairly solvophilic because the two OH groups 
on each oligomer could hardly be solvophilic enough to 
solubilize a large oligomer by themselves if most of its 
intervening structural substance were solvophobic. 
Moreover, any Na + ions attached to intermediate O
atoms would enhance solvophilicity of that intervening 
structure. It seems highly likely, therefore, that the 
solvophilic sections of oligomers even substantially 
larger than those in this study would try to diffuse into 
regions of lower concentration just as if they were 
independent molecules trying to diffuse into more 
dilute regions of the solution. The obverse quivalent of 
that picture is that the fugacity of solvent molecules 
varies inversely with solute concentration. Conse- 
quently, they always try to migrate from regions with 
low solute concentration i to regions of higher concen- 
tration. The net result in either perspective is for the 
solute to become as highly dispersed in the solvent as 
possible, consistent with any constraints on the system of 
which they are a part. This striving for dilution represents 
a driving force that tries to stretch an oligomer whose 
component monomers are highly solvophilic. 
In view of the observation that even in neat PEGs the 
zigzag configuration is favored for oligomers with less 
than 20 monomers, the di-sodiated 10-mers constituting 
the smallest oligomers with two charges that we could 
detect, were most likely to have had the zigzag config- 
uration in the dilute sample solutions of our experi- 
ments. For the reasons et forth in the preceding para- 
graph we would argue that the larger oligomer ions 
with three and six charges were also likely to have been 
in a zigzag conformation. However, even if they are in 
the meandering configuration some of the time, the 
following scenario could account for at least some ions 
having a zigzag conformation. It also can account for 
the formation of some ions with adduct charges on the 
two sites of the oligomer that are farthest apart. 
We have already noted more than once that the 
excess charges on an ES droplet hat become the charges 
on desorbed ions, Na + cations in these experiments, are 
locked into an equally spaced array on the droplet 
surface because that configuration has the lowest pos- 
sible electrostatic repulsion energy. When one of the 
charge sites on a solute oligomer of PEG comes close to 
one of these surface Na + ions, that charge site becomes 
bound to that surface charge and its position. If that 
charge site on the PEG oligomer in the bulk solution is 
already occupied by an Na + ion, there will also be a 
counteranion earby. When that occupied charge site 
and its counterion come close to the surface Na + ion, 
the O atom may attach to the surface Na + ion, leaving 
its original cation free to wander off with the counter- 
anion. Alternatively, the surface Na ÷ ion may wander 
off with that anion leaving the attachecl Na + ion to- 
gether with its O atom site locked into the surface 
charge lattice. The third possibility is that the attached 
Na + ion, together with its site along with the rest of the 
oligomer, may just stay with its counteranion partner 
and wander back into the bulk solution.. Indeed, all of 
these possibilities probably take place very frequently 
so that at least part of the time the surface charge (Na +) 
will be bound to an O atom site on an oligomer. They 
will leave the droplet together if the oligomer ion 
desorbs while they are bound together. 
The energy of that binding for an unsolvated ion in 
the gas phase is about 2.05 eV, although the effective 
energy on the droplet surface may be somewhat less 
because of solvent shielding and the presence of anions 
nearby. Consequently, that charge site binds its section 
of the oligomer rather firmly to the location of that 
surface charge, which is itself anchored rather firmly by 
the coulomb repulsion forces. (For the ,charge spacing 
found in these experiments, we estimate that several kT 
of energy would be required to displace a surface 
charge as much as 0.5 nm.) However, Brownian motion 
makes the rest of the molecule thrash about with 
various of its segments undoubtedly folding and un- 
folding as it squirms like a worm impaled on a fish 
hook. As solvent evaporation shrinks the droplet and 
the distance between surface charges gets smaller, an- 
other surface Na + ion comes within range of a charge 
site on the squirming oligomer (most likely the one 
farthest away from the charge site that is already 
anchored), and that part of the molecule containing that 
second site also becomes anchored to a surface charge. 
As solvent evaporation continues to shrink the droplet 
more and more, charge sites become simultaneously 
bound to surface charges until their combined lift 
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becomes ufficient o desorb the oligomer along with its 
bound charges, thus forming a free ion. We argue that 
this combination of Brownian motion and charge-an- 
choring results in at least some of the desorbed oli- 
gomer ions having charges attached to the outermost O
atoms of a stretched-out ohgomer. Any additional 
charges must perforce be bound to intermediate O
atoms at separation distances corresponding to the 
intercharge spacing on the droplet surface. 
The likelihood of the zigzag configuration finds 
some indirect a posteriori support by the last two 
columns in Table 1, showing the dimensions of the 
largest droplets that could support he calculated fields. 
For the zigzag configuration the circumferences of those 
largest droplets are always comfortably larger than 
oligomer lengths, shown in the fourth column of Table 
1. For meandering configurations the length of the 
23-mer with three charges is over two thirds the circum- 
ference of the largest droplet that could sustain the 
required field, and the length of the 58-mer is substan- 
tially greater than the circumference of that largest 
droplet. For smaller droplets providing the requisite 
charge spacing, the 58-mer might encircle the droplet 
more than once. Of course, it is not inconceivable that 
an oligomer might be long enough to encircle its host 
droplet with something to spare. Indeed, in our previ- 
ous experiments with very large PEG molecules, we 
encountered situations in which an oligomer over 40 
/zm long was contained in a droplet only 2.8 /~m in 
diameter [9]. We also found that the ion of that oligomer 
actually had the maximum number of charges that it 
could possibly retain in the gas phase, according to the 
model based on a balance of electrostatic forces. We 
concluded, therefore, that formation of that ion could 
not be accounted for in terms of the IDM of Iribarne and 
Thomson [2], but instead constituted a relatively un- 
common example of ionization by the CRM of Dole [1]. 
There remains the question of whether the OH 
groups at either end of an oligomer should be consid- 
ered equivalent to interior O atoms as binding sites for 
Na ÷ ions. The bonding energy in the latter case is 
probably very close to 2.05 eV, the value for the energy 
of a bond between Na + and the O atom in dimethoxy 
ethane [7]. That species seems to provide an environ- 
ment for O atoms more like the one for interior O atoms 
in PEG than does any other species for which we could 
find values of Na + affinity. As for the terminal OH 
groups on PEGs we do not believe that they constitute 
effective attachment sites for Na +. In a number of 
experiments over a wide range of conditions, we have 
been unable to obtain more than trace amounts of ions 
comprising Na + attached to solute species in which 
OH's were the only polar groups. The species tested 
were mono- and dihydroxy alkanes including ethane, 
butane, and hexane. Because these experiments showed 
essentially no evidence of ions resulting from sodiation 
of OH groups, even when the concentration of Na + in 
the solution was increased by additions of NaOH, we 
are persuaded that for the case of PEG oligomers the 
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Figure 6. The upper curve (triangle points) indicates the largest 
number of ethylene oxide monomers per charge that have been 
found on ions with the number of charges indicated on the 
abscissa. The lower curve (circle points) indicates the smallest 
number of monomers per charge that have been found on ions 
with the number of charges indicated on the abscissa. 
interior O atoms are the only sites to which Na + ions 
attach. 
In effect, the essential experimental result of this 
study is the identification of the smallest number of 
monomers per charge in oligomer ions containing, 
respectively, two, three, and six charges. The spectral 
data also allowed us to identify in some cases the 
largest number of monomers per charge. Figure 6 
summarizes the results for these two extremes and 
indicates that both the maximum and minimum num- 
ber of monomers per charge increase with an increasing 
number of charges per oligomer ion, i.e., oligomer size. 
Both curves seem to show a decreasing slope with 
increasing ion size, raising the question of whether 
there might be an asymptotic approach to a limiting 
value. Unfortunately, we could not obtain meaningful 
data beyond those shown in Figure 6 because our 
analyzer is unable to resolve individual peaks when the 
oligomers become large. The bands of peaks for each 
charge state then have a substantial overlap, and the 
number of charges becomes o high that the difference 
in mass-to-charge ratio values for oligomers differing 
by one monomer is very small. Examination of the 
spectra in Figures 2, 3, and 5 clearly indicates the trend 
in spectral patterns with increasing oligomer size. By 
the time the nominal molecular weight reaches 10,000 
or 20,000, the peak density is so high that the spectrum 
obtained by an analyzer with limited resolution be- 
comes a broad band of peaks so close together that their 
envelope can be approximated very well by a smooth 
curve. The shape of this curve is reminiscent of a nearly 
continuous Gaussian distribution with a rather broad 
maximum. 
In our two previous papers on ESMS of PEGs [6, 9], 
we showed that one could obtain some interesting 
information and perspectives on very large oligomers 
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Figure 7. The ordinate values of each point show the average 
number of ethylene oxide monomers per charge in spectra ob- 
tained from poly(ethylene glycol) samples whose most abundant 
oligomers have the molecular weight shown by the abscissa 
values of each point. 
by making the intuitively reasonable assumption that 
the mass-to-charge ratio value at the maximum of a 
peak envelop was the mass-to-charge ratio value for 
ions of the most abundant oligomer with the most 
probable number of charges. In a sense this value of 
mass-to-charge ratio is an average or median observ- 
able property whose dependence upon experimental 
variables is indicative of what might be expected of an 
individual ol igomer whose actual molecular weight is 
equal to the nominal molecular weight of the original 
sample, i.e., the most abundant oligomer in a popula- 
tion having a broad distribution of oligomer sizes. In [9] 
we applied this assumption to mass spectral data for 
PEG oligomers with molecular weights up to 5 million 
and were able to arrive at some interesting conclusions, 
some of which have since been confirmed by more 
elegant data obtained with a FTICR machine [10]. 
Figure 7 shows the result of applying this same 
assumption to all the data of ref 9 covering a wide range 
of molecular weights. The ordinate and abscissa values 
of the points show respectively the average number of 
monomers per ion charge and the nominal molecular 
weight of the sample. The data clearly show the asymp- 
totic approach to a maximum value that we speculated 
about in our discussion of Figure 6. The existence of 
such a maximum is intuitively quite reasonable. As the 
polymer chain increases in length, one would expect a 
decreasing fractional influence on oligomer behavior 
and properties due to the terminal OH groups. In other 
words, the greater the number of monomers in the 
chain, the more oblivious should they become (on 
average) to the structure, composition, and properties 
of the ends of the oligomer. There is a noticeable dip in 
the curve of Figure 6 between abscissa values of 3000 
and 100,000. Because the ordinate scale is logarithmic, 
the extent of the dip is "demagnif ied" and might be 
ignored. In fact, as discussed in [9], we believe that the 
dip is real and indicates a change in the ion formation 
process. 
Summary and Concluding Remarks 
Examination and analysis of previously reported results 
have led to experimentally based values of the electric 
field at the surface of an electrospray droplet during 
desorption of ions comprising sodiated oligomers of 
poly(ethylene glycol)s with two, three, and six charges. 
The method is based on the following assumptions: (1) 
ions are formed by field assisted desorption from the 
surface of charged droplets; (2) each droplet's charges 
are distributed on its surface in an equidistantly spaced 
array; (3) the distance between charges ,on a desorbed 
ion cannot be less than the intercharge distance on the 
surface of the droplet from which it desorbed and is 
equal to the distance between charges on the smallest 
oligomer that desorbs; (4) the PEG oligomer ions on the 
droplet surface at the time of desorption are in an 
extended zigzag configuration; (5) the ion's charges 
comprise Na + cations attached to only those O atoms in 
the oligomer's backbone that have covalent bonds with 
adjacent carbon atoms. 
When applied to the experimental data from electro- 
spray mass analysis of PEG oligomers in 50:50 meth- 
anol-water mixtures, these assumptions lead to values 
for the droplet field in V /nm of 2.66, 1.55, and 1.46, 
respectively, for oligomer ions with two, three, and six 
charges. 
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